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Introduction
Carbon nanotubes (CNTs) [1, 2] and vapor-grown carbon nanofibers (VGCNFs) have excellent mechanical characteristics including high tensile strength and high elastic modulus.
Research into practical applications of CNTs and VGCNFs, including the preparation of resin/CNT or VGCNFs, ceramic/CNT or VGCNFs, and metal/CNT or VGCNFs composites, has been actively pursued. When fabricating CNT or VGCNFs composites, the wettability of the CNTs or VGCNFs and the matrix material is very important. Since CNTs also have electromagnetic wave shielding properties, the use of CNT composites materials for electromagnetic wave shielding has been investigated [3, 4] . Furthermore, as CNTs and VGCNFs have superior chemical and physical inertness and large specific surfaces, they are expected to be potential supports for catalysts, such as fuel cell electrode catalysts [5, 6] . Metal coatings or deposition on CNTs [7, 8] or VGCNFs is considered to be effective for improving their wettability with the matrix of composites; it could also be useful for fabricating novel catalysts that use CNTs or VGCNFs as the support. Ferromagnetic metallic coatings such as cobalt coatings on CNTs or VGCNFs are expected to make CNTs or VGCNFs ferromagnetic and enhance the electromagnetic wave shielding properties of composites containing them.
Electroless Ni−B alloy coatings have been used as protecting films for mechanical components due to their high hardness and wear resistance [9−16] . Electroless Ni−B alloy coatings have also been used to facilitate sintering of hard particles such as WC, VC [17] , B 4 C [18, 19] , and diamond [20] particles. Recently, electroless Ni−B alloy coatings have also been applied to electromagnetic wave shielding [21] . Electroless Ni−B alloy coatings, especially amorphous Ni−B alloy coatings or deposits, have been examined as catalysts for hydrogenation reactions [22−27] .
Electroless Ni−B alloy coated CNTs or VGCNFs are thus considered to be promising materials for various applications. However, fabrication of electroless Ni−B alloy coated or deposited CNTs and/or VGCNFs has not been reported. In this study, we investigated Ni−B alloy coatings on VGCNFs by electroless deposition and evaluated the effects of heat treatment on the Ni−B alloy coated VGCNFs.
Experimental

Chemicals
Commercially available VGCNFs (VGCFs, Showa Denko Co. Ltd.) were used in the present study. The VGCFs had a diameter of 150 nm and a length of 10 μm. The VGCFs are graphitized VGCNFs that had been heat treated at 2800°C in argon gas for 30 min [28] . NiSO 4 ·6H 2 O, C 6 H 5 Na 3 O 7 ·2H 2 O, dimethylaminoborane (DMAB), SnCl 2 ·H 2 O, and PdCl 2 (Wako Pure Chemical Industries, Ltd.) were used in this study; they are special-grade reagents. First-grade polyacrylic acid with a mean molecular weight of 5000 (PA-5000, Wako Pure Chemical Industries, Ltd.) was used to disperse the VGCNFs. Pure water from an electrodialysis water purifier (RFP343RA, Advantec MFS, Inc.) was used in all experiments.
Sensitization and activation of the VGCNFs
Since VGCNFs are hydrophobic, the VGCNFs were first dispersed in an aqueous solution of PA-5000 that was agitated using a stirrer and ultrasonic irradiation. After dispersion, the 
Electroless Ni−B alloy deposition on VGCNFs
After activation, the VGCNFs were placed in electroless plating baths for Ni−Β alloy 
Heat-treatment of Ni−B alloy deposited VGCNFs
The Ni−B alloy coated VGCNFs were heated at various temperatures for 1 h in an infrared heating furnace (mini lamp annealer; MILA-3000, Ulvac-Riko Inc.) in vacuum.
Characterization of electroless Ni−B alloy deposits on VGCNFs
The Ni−B alloy deposits on the VGCNFs were observed by field-emission scanning electron microscopy (SEM; JSM-7000F, Jeol and SU-8000, Hitachi) and scanning transmission electron microscopy (STEM; HD-2300A, Hitachi). The phase structures of the deposits were analyzed by 
Results and discussion
The electroless deposition behavior of Ni−B alloy on VGCNFs varied considerably with the bath pH. No deposits were observed on the VGCNFs at a pH of 4. At pH of 6 and 10, small amounts of inhomogeneous deposits were observed on the VGCNFs. Homogeneous deposition of Ni−B alloy on the VGCNFs was obtained at pH = 8. Fig. 1 shows an SEM image of Ni−B alloy-deposited VGCNFs fabricated using a plating bath containing 0.05 M DMAB at pH = 8.
The reaction time was 600 s. Each VGCNF is homogeneously coated with the Ni−B alloy.
Therefore, a bath pH of 8 was used in subsequent experiments in this study. VGCNFs is also shown (Fig. 3a) . A broad peak assigned to face-centered-cubic nickel and a sharp peak assigned to VGCNFs are observed at about 44 and 27°, respectively, in each pattern (Figs. 3b, c, and d) . The sharpness of the peak assigned to face-centered-cubic nickel decreased with increasing boron content of the alloy deposits. Thus, the microstructure of the Ni−B alloy deposits on the VGCNFs changed from a semi-amorphous structure to an amorphous structure with increasing boron content in the alloy deposits. (Fig. 5b) . These particles grew on the VGCNFs (Fig. 5c ) with increasing time and finally perfectly coated the VGCNFs at a reaction time of 300 s (Fig. 5d) . This reaction time corresponds to a mean film thickness of about 10 nm (Fig. 4) .
After a reaction time of 300 s, the alloy films grew autocatalytically on the deposited Ni−B alloy on the VGCNFs. Thus, perfect coating of each VGCNF with semi-amorphous Ni−B alloy (Ni−14 atom% B) was achieved at film thicknesses above 10 nm using a plating bath with 0.01 M DMAB. (Fig. 6b) , which corresponds to a film thickness of about 4 nm (Fig. 4) . Subsequently, the alloy films grew autocatalytically on the deposited Ni−B alloy on the VGCNFs (Figs. 6c and d) . The surface morphology was smoother than the Ni−14 atom% B alloy deposits. (Figs. 7c and f) . This observed thickness is almost the same as the mean film thickness (Fig. 4) . Therefore, each VGCNF was very uniformly coated with the Ni−B alloy film. This uniformity is an important advantage of electroless deposition. VGCNFs before heat treatment is also shown (Fig. 8a) . After heat treatment, sharp peaks assignable to the face-centered-cubic nickel phase and the Ni 3 B phase were observed in all the XRD data (Figs. 8b, c and d) . The sharpness of the peaks increased with increasing heat treatment temperature. According to the Ni−B binary alloy phase diagram [29] , the Ni−24 9 shows DSC data for the Ni−24 atom% B alloy coated VGCNFs. An obvious endothermic peak is observed at about 300°C. Similar DSC results were reported for Ni−B alloy films on metal substrates [15, 30] and an alumina substrate [22] . This endothermic peak is considered to be due to the phase transition from an amorphous phase of the Ni−B alloy to crystalline phases consisting of face-centered-cubic nickel and Ni 3 B [30] . These results are consistent with the XRD data after heat treatment (Fig. 8 ). 
Conclusions
